Background {#Sec1}
==========

The microbial communities in mine tailings have attracted considerable interest, and there are many relevant microbiological researches of mine tailings, most of which have been performed in the last decade \[[@CR1], [@CR2]\]. Previous cultivation-dependent studies of mine tailings in several countries have revealed a numerical dominance of *Bacteria* over *Archaea*. Particularly abundant microorganisms were acidophilic iron- and/or sulfur-oxidizing *Acidithiobacillus* and *Leptospirillum* \[[@CR3]--[@CR6]\]. In addition, metagenomic analysis revealed that the most abundant microorganisms in a low-temperature acid mine drainage stream were most similar to the psychrotolerant acidophile, *Acidithiobacillus ferrivorans* \[[@CR7]\]. However, studies on the extremely acidic lead/zinc mine tailings revealed that acidophilic archaea, mostly the ferrous-iron-oxidizing *Ferroplasma acidiphilum*, were numerically significant, indicating their importance in extremely acidic environments \[[@CR8]\]. Furthermore, previous studies indicated that pH was the primary factor in shaping the microbial community structure at different acidification stages of mine tailings \[[@CR9]\].

Heap bioleaching has been successfully used to extract basic metals from sulfide minerals \[[@CR10]\]. Copper bioleaching for commercial applicationthat was designed to exploit microbial activities was pioneered in 1980 \[[@CR10]\]. Copper mine tailings with low-grade was used for bioleaching heaps in the field of industrial applications, representing a type of acidic environments of anthropogenic origin \[[@CR11]\]. In the process of industrial bioleaching operations, insoluble metal sulfides were converted into water-soluble metal sulfates, resulting in the considerably high concentrations of soluble iron and meanwhile low pH. As reviewed by Bonnefoy and Holmes (2012), ferrous iron \[Fe(II)\] was oxidized rapidly to generate ferric iron \[Fe(III)\] under oxygen-saturated conditions with neutral pH, whilst in acidic environments, Fe(II) was stable even under the condition of existence of atmospheric oxygen (O~2~). Thus, Fe(II) could be utilized by microbial communities as the electron donor. Nonetheless, the highest levels of soluble iron could challenge microorganisms living in the extremely acidic environments. Hydroxyl radicals produced by the reaction of free ferrous iron with oxygen (Fenton reaction) would damage biological macromolecules and even cause cell death \[[@CR12]\]. The extremely acidic environments provide a particular opportunity, and meanwhile, a potential challenge for life. In recent decades, issues associated with life in the oligotrophic, extremely acidic environments have been discussed in a number of reviews and papers, including the occurrence and composition of microbial communities \[[@CR13]--[@CR15]\], their strategies to tolerate the metal and low pH \[[@CR16], [@CR17]\], as well as their metabolisms and functions \[[@CR18], [@CR19]\].

The microbial ecology of full-scale heap or dump bioleaching of copper ore has been poorly understood \[[@CR20]\]. As stated by Brierley (2001), the understanding of microbiological components of bioheaps facilitated commercial bioheap applications. Although 16S rRNA gene analysis was targeted as a useful method in many studies of extreme environments, the development of sequencing technology, metagenomics methods and bioinformatics tools have provided a valuable platform for environmental gene pool identification and potential functional prediction of biogeochemical relevance in the microbial populations \[[@CR21]\]. Metagenomics, or the culture-independent genomic analytical method of microorganisms, was a powerful approach to capture the entire spectrum of microbial communities including both cultivatable and uncultivable microorganisms, the latter of which could not be cultured by standard techniques but comprised the majority of biological diversity \[[@CR22]--[@CR25]\]. Metagenomic research associated with ecological roles of uncultured and rare microorganisms showed their importance in acid mine drainage (AMD) communities \[[@CR26]\]. A combination of shotgun metagenome sequencing and computational approaches for genome assembly has advanced to metagenomics, providing glimpses into the uncultured microbial world \[[@CR27]\].

In this study, we collected samples from the surface-layer mine tailings of bioleaching heap located in the Dexing Copper Mine, Jiangxi Province, China. By investigating the taxonomic classification and functional genes involved in several key metabolic processes, based on metagenome analyses, we sought to characterize the microbial community composition in the bioleaching dumps heaped up by mine tailings and the functional coding potential of microorganisms related to key metabolic pathways within the extremely acidic environmental conditions.

Results and discussion {#Sec2}
======================

Sequencing, *de novo* assembly, gene prediction and functional annotation {#Sec3}
-------------------------------------------------------------------------

Metagenomic DNA was subjected to Illumina MiSeq sequencing, and approximately 3.4 million short DNA sequences were then used for bioinformatics analysis. After quality control using NGS QC Toolkit, 2,941,297 (87.80 %) reads with high-quality were obtained (Additional file [1](#MOESM1){ref-type="media"}). Subsequently, all high-quality reads aforementioned were assembled, and a self-writing script was used to filter the assembled sequences under 300 bp, resulting in a total of 301,907,459 bases, with an N50 of 641 bp (481,688 contigs range from 301 bp to 49,868 bp, and the mean length was 626 bp). For gene prediction, 660,572 coding sequences (CDS) were identified using the program MetaGeneAnnotator.

All putative protein coding sequences were searched against the databases including NCBI-nr, the extended COG \[[@CR28]\] and KEGG, and we obtained a total of 535,887 (81.12 %), 517,948 (78.41 %) and 494,721 (74.89 %) significant BLAST hits respectively. Moreover, 497,601 (75.33 %) and 261,595 (39.60 %) sequences were assigned to the COG categories and KEGG Orthology respectively (Additional file [1](#MOESM1){ref-type="media"}). Among the 25 COG categories, metagenome sequences were assigned to 23 of them (Fig. [1](#Fig1){ref-type="fig"}). A large proportion of sequences were assigned to COG category \[S\] (function unknown) (80,561 CDSs; 16.19 %) and COG category \[R\] (General function prediction only) (39,507 CDSs; 7.94 %), indicating large pools of potential unknown functional genes in copper bioleaching operations. Furthermore, the large amount of genes associated with basal metabolisms such as amino acid transport and metabolism (COG category \[E\]) and energy metabolism (COG category \[C\]) indicated the ubiquitous substance and energy metabolism in the extremely environments, maintaining the basic microbial activities.Fig. 1The COGs categories of metagenome data from mine tailings

Taxonomic assignment of metagenome datasets {#Sec4}
-------------------------------------------

To reveal metagenome sequence classification of microbial communities in tailings sample, taxonomic analyses at the genus level were performed. Taxonomic assignment using the program MEGAN revealed unexpectedly abundant microbial biodiversity (over 100 genera) of this extreme environments (surface-layer of copper mine tailings), to some extent, which hindered the sequence assembly due to the low sequencing depth. Copper mine tailings in this study harbored diverse microbial populations possibly because of various niches related to gradients of physico-chemical conditions, which was discussed previously in AMD environments \[[@CR2], [@CR29]--[@CR31]\]. MEGAN analysis showed that the microbial community in mineral surface-layer was dominated by the sulfur- and iron- oxidizing acidophiles *Acidithiobacillus*-related and *Leptospirillum*-related groups (Fig. [2](#Fig2){ref-type="fig"}). In these *Acidithiobacillus*-related sequences, most of them were assigned to *Acidithiobacillus ferrivorans*, followed closely by *A. ferrooxidans*. In the extremely acidic tailings, approximately 93.47 % of the total *Acidithiobacillus*-related sequences were affiliated with *A. ferrivorans* and *A. ferrooxidans* (Additional file [2](#MOESM2){ref-type="media"}). As a major participant of iron- and sulfur-oxidizing acidophilic bacteria, *A. ferrivorans* has been widely found in metal mine-impacted environments \[[@CR32]\]. Likewise, *A. ferrooxidans*, which utilized energy from the oxidation of sulfur- and iron-containing minerals, was a principal member in consortia of microorganisms associated with the bioleaching or biomining (industrial recovery of copper) \[[@CR33]\]. The numerical dominance of *Acidithiobacillus*-related sequence indicated its importance in surface-layer of copper mine tailings during the industrial bioleaching operations. Moreover, *Rhodanobacter* (7.34 %), *Thiobacillus* (6.03 %), *Leptospirillum* (5.57 %), and *Acidiphilium* (4.51 %) were also found in the surface-layer mine tailings. In addition, 82 CDSs were assigned to virus, most of which were affiliated with the dsDNA viruses with no RNA stage. Of these sequences, the majority of taxonomic hits (74 %) shared sequence identity with sequences in the order *Caudovirales*, based on the taxonomy of viral genomes provided by GenBank database (Additional file [3](#MOESM3){ref-type="media"}). This was consistent with the viruses previously described from the desert \[[@CR34], [@CR35]\] and other metaviromes from other environments such as marine environment \[[@CR36]\].Fig. 2Taxonomic composition analysis at the genus level based on contigs sequences (≥ 300 bp) in the metagenome dataset. Only those genera with the specified percentage abundance (≥ 1 %) are shown

Depend on the automated analysis pipeline implemented in the MG-RAST platform, the microbial populations at the phylum level were phylogenetically assigned to the *Proteobacteria*, *Actinobacteria*, *Nitrospirae*, *Bacteroidetes*, *Gemmatimonadetes*, *Acidobacteria*, *Firmicutes*, *Deinococcus*-*Thermus*, *Euryarchaeota*, and several other phyla mainly belonged to the domain *Bacteria* (Additional file [4](#MOESM4){ref-type="media"}). In more detail, *Proteobacteria*-related sequences with the most abundance were composed of the class *Gammaproteobacteria*, *Betaproteobacteria*, *Alphaproteobacteria*, *Deltaproteobacteria*, *Epsilonproteobacteria* and *Zetaproteobacteria*in an order from the highest to the lowest. Similarly, community diversity analysis based on a PCR-based cloning approach showed that the majority of sequenced clones were affiliate with the *Gammaproteobacteria* \[[@CR37]\]. As the most abundant microbes were similar to *Acidithiobacillus*-like genus, it was proposed to belong to the new class *Acidithiobacillia* (a sister group of class *Gammaproteobacteria*) \[[@CR38]\]. Thus, the most abundant sequences at the class level in this extreme environment could be assigned to the *Acidithiobacillia*-related microorganisms. The phylum *Euryarchaeota* occupied the largest proportion in domain *Archaea*. However, it was relatively low in the whole metagenome dataset, suggesting that the *Archaea* might play little role in the surface-layer of copper mine tailings.

Key genes coding for enzymes associated with principal metabolisms {#Sec5}
------------------------------------------------------------------

The vital activities of chemolithotrophy-based microbial community present in the mine tailings mainly rely on metabolic capabilities to metabolize carbon, nitrogen, iron and sulfur. Thus, it is necessary to investigate the general metabolisms of microbial processes, aiming to understand the sub-cycling of those elements within a copper bioleaching heap.

Autotrophic carbon fixation {#Sec6}
---------------------------

Cellular carbon acquired from inorganic carbon is essential for life, suggesting the transition of carbon from inorganic to organic world. Recent research revealed that six different pathways for carbon fixation existed in microorganisms, including Calvin--Benson--Bassham (CBB) cycle, reductive citric acid (rTCA) cycle, reductive acetyl-coenzyme A (acetyl-CoA) pathway, 3-hydroxypropionate bicycle, 3-hydroxypropionate/4-hydroxybutyrate cycle (hydroxypropionate--hydroxybutyrate cycle) and dicarboxylate--4-hydroxybutyrate cycle (shortened to the dicarboxylate--hydroxybutyrate cycle) \[[@CR2], [@CR39]\]. Functional annotation against databases, i.e., NCBI-nr, the extended COG and KEGG, showed that approximately all genes encoding for CBB cycle and rTCA cycle were identified, whilst no gene involved in the other four pathways for carbon fixation was identified. This finding was largely consistent with previous studies \[[@CR2]\].

In CBB cycle, there are a series of enzymatic reactions, one of which is involved in CO~2~ fixation catalyzed by ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and the others are responsible for the regeneration of ribulose 1,5-bisphosphate (RuBP) \[[@CR40]\]. In addition, the key enzymes for CBB cycle are Rubisco and phosphoribulokinase (or ribulose-5-phosphate kinase) \[[@CR39], [@CR41]\]. Rubisco exists in various forms in diverse organisms from all domains of life \[[@CR42]\]. Our results indicated that genes coding for Rubisco were enriched in the metagenome, most of which were affiliated with *Acidithiobacillus*-like populations (Additional file [5](#MOESM5){ref-type="media"}). Indeed, genomic as well as proteomic evidence showed that *Acidithiobacillus* occupied an important position in carbon fixation in AMD \[[@CR43]\]. In addition, the majority of phosphoribulokinase (PRK) genes were from *Thiobacillus*-like microorganisms, indicating its importance in the bioleaching system. However, no gene encoding the sedoheptulose-1,7-bisphosphatase (SBPase), which catalyzed sedoheptulose 1,7-bisphosphate to generate sedoheptulose 7-phosphate, was found in the metagenome (Additional file [5](#MOESM5){ref-type="media"}). The lack of such genes was likely due to the low sequencing depth. Besides, the candidate genes that probably presented in this metagenome dataset were not yet identified because of our limited knowledge of SBPase genes within the acidophiles.

Autotrophic CO~2~ fixation via rTCA cycle was considered to be an important pathway in microbial communities \[[@CR44]\]. There were two key enzymes (2-oxoglutarate ferredoxin oxidoreductase and ATP citrate lyase) related to rTCA cycle \[[@CR39]\]. In some species, the citrate cleavage pathway could be catalyzed by other two enzymes, citryl-CoA synthetase (EC6.2.1.18) and citryl-CoA lyase (EC4.1.3.34), instead of ATP citrate lyase (ACL; EC2.3.3.8) \[[@CR45]\]. These two enzymes, i.e., citryl-CoA synthetase and citryl-CoA lyase, however, were phylogenetically related to ACL \[[@CR46]--[@CR48]\]. Furthermore, research indicated that ACL was formed by a gene fusion of citryl-CoA lyase and citryl-CoA synthetase \[[@CR48]\]. These findings could explain why no genes encoding ACL were identified in previous studies about lead/zinc mine tailings \[[@CR49]\]. In *Leptospirillum ferriphilum*, a complete set of enzymes involved in rTCA cycle were found \[[@CR40]\]. Based on the aforementioned research, our results in this study showed that gene homologs for many steps in the rTCA cycle were assigned to the *L. ferriphilum*-like populations (Additional file [5](#MOESM5){ref-type="media"}). As for citryl-CoA synthetase, however, the small subunit gene (*ccsB*) was not detected.

Nitrogen metabolism {#Sec7}
-------------------

As the main nitrogen sources, generally speaking, atmospheric nitrogen, nitrate, nitrite, ammonium and glutamine are used wildly by microbes in natural environments. Six subsystems related to the nitrogen metabolisms, including nitrogen fixation, dissimilatory nitrate reduction, assimilatory nitrate reduction, denitrification, nitrification and anammox, were discussed in previous papers \[[@CR50], [@CR51]\]. In this metagenome, a large number of genes involved in nitrogen fixation including *nifD*, *nifK*, *nifH*, nifE, *nifN* and *nifX*, which formed a *nif* operon encoding the Mo-Fe nitrogenase enzyme complex \[[@CR52]\]*,* were detected (Additional file [5](#MOESM5){ref-type="media"}). The relevant genes were largely found in *Leptospirillum*-like and had the highest similarity to those from *L. ferrooxidans*-like species, suggesting the vital position of *Leptospirillum*-like organisms in bioleaching systems with limited fixed nitrogen from external sources.

Nitrogen in the form of ammonium could be either directly assimilated into biomass or be oxidized by two key enzymes involved in the nitrification (ammonium monooxygenase and hydroxylamine oxidoreductase, which were encoded by *amoCAB* operon and *hao* gene, respectively) \[[@CR52]\]. In this metagenome, however, the lacked *hao* gene suggested that ammonium could not be utilized via the nitrification. Mine tailings might contain elevated concentrations of nitrate caused by the nitrogen-based explosives. As for dissimilatory nitrate reduction and assimilatory nitrate reduction, most genes encoding metabolic enzymes were related to those from *Thiobacillus*-like, *Acidithiobacillus*-like and *Leptospirillum*-like populations (Fig. [3](#Fig3){ref-type="fig"}). Given that there was limited fixation nitrogen from atmosphere and relatively low content of available nitrogen in mine tailings, it was speculated that these microorganisms probably played an important role in maintaining the nitrogen sources of microbial communities via utilizing nitrate and nitrite.Fig. 3Schematic diagram of nitrogen metabolism in the surface-layer mine tailings representing one important part of bioleaching system. On the basis of metagenomic data, solid lines indicate the presence of protein-coding genes associated with six major pathways, whereas dashed lines show that no gene was found in this metagenome. Different colored lines depict various metabolic pathways. Most main implicated taxa/groups governing the enzymatic reactions are displayed respectively, and the percentages of CDSs related to each group are also showed. Abbreviations: *nif*, nitrogenase (various subunits); *amo*: ammonia monooxygenase; *hao*: hydroxylamine dehydrogenase; *norAB*: Nitrate reductase (A and B represent alpha subunit and beta subunit, respectively); *narGHIJ*: nitrate reductase (dissimilartory); *nirK*: nitrite reductase (NO-forming); *norBC*: nitric oxide reductase; *nosZ*: nitrous oxide reductase; *nasAB*: nitrate reductase (assimilatory); *nirA*: ferredoxin-nitrite reductase; *nirBD*: nitrite reductase (NADH); *hzo*: hydrazine oxidoreductase

Four enzymes are reported to be involved in denitrification i.e., nitrate reductase, nitrite reductase (NO-forming), nitric oxide reductase (cytochrome c) and nitrous oxide reductase, which are encoded by *nar* operon, *nirK*, *norBC* and *nosZ*, respectively \[[@CR2], [@CR53]\]. In this process, nitrate or nitrite ions could be used as the terminal electron acceptors under anoxic or low-oxygen conditions \[[@CR52]\]. In addition, the incomplete ammonification in this system, which lacked the relevant genes encoding hydrazine oxidoreductase (Fig. [3](#Fig3){ref-type="fig"}), presumably indicated that organic nitrogen compounds in the environments could not be degraded by microbes in the bioleaching system.

Ferrous iron oxidation {#Sec8}
----------------------

Under acidic conditions, ferrous iron in a stable status (no matter whether atmospheric oxygen exists or not) could be utilized by microorganisms \[[@CR11]\]. Widespread distribution of ferrous iron oxidation capabilities has been observed in acidophilic *Bacteria* and *Archaea* \[[@CR54]--[@CR56]\]. The ability to oxidize iron has been widely distributed in microbes from neutral pH environments. So far, details of ferrous iron oxidation and electron transport pathways were available for the Gram-negative bacterium *A. ferrooxidans* that was identified until recently to be affiliated with the class *Acidithiobacillia* \[[@CR38]\]. Besides, iron oxidation pathways in other known acidophilic prokaryotes (e.g., *A. ferrivorans, L. ferrooxidans* and *Thiobacillus prosperus*, which was reclassified as *Acidihalobacter prosperus* recently \[[@CR57]\]) have been also studied \[[@CR11]\]. The results showed that there were no relevant genes for the *pio* operon (*pioA*, *pioB*, and *pioC*) or the *fox* operon (*foxE*, *foxY* and *foxZ*) in the metagenome, which were reported to be involved in the phototrophic iron oxidation in *Rhodopseudomonas palustris* and *Rhodobacter capsulatus* respectively \[[@CR2], [@CR58]\]. The reasons why the genes for ferrous iron oxidation were absent in acidophilic microbes were probably (i) due to the low abundance of microorganisms responsible for iron oxidation, resulting in the difficulty in the retrieval of relevant genes from metagenomeand (ii) due to limited knowledge of iron oxidation in microorganisms \[[@CR2], [@CR11]\].

Genes for the redox proteins involved in Fe(II) oxidation in acidophiles (such as outer membrane cytochrome *c* or Cyc2, blue copper proteins rusticyanin and Cyc1, etc.) \[[@CR2], [@CR11], [@CR58], [@CR59]\] were observed in this study (Fig. [4](#Fig4){ref-type="fig"}). The results indicated that rusticyanin genes (*rus*) existed in the metagenome, most of which were assigned to *A. ferrooxidans*-like species. Moreover, it also exhibited genes encoding iron oxidase in *A. ferrivorans*-like, though their number was not enriched. Thus, there were at least two different pathways for ferrous iron oxidation in the iron-oxidizing *Acidithiobacillus* spp.: (i) via rusticyanin (ii) or via high potential iron sulfur protein (HiPIP) encoded by the gene *iro* \[[@CR11]\]. In acidophilic archaea, Fe(II) oxidation pathways were also proposed \[[@CR11], [@CR52], [@CR60]\], indicating that electrons from Fe(II) oxidation by unknown mechanisms were transferred via sulfocyanin to a *cbb*~*3*~-type terminal oxidase (Fig. [4](#Fig4){ref-type="fig"}). In the tailings sample, only one sulfocyanin gene in the archaean genus *Ferroplasma*-like was identified (Additional file [5](#MOESM5){ref-type="media"}). Given the low relative abundance of *Archaea* in surface-layer of mine tailings, it was supposed that *Archaea* might play little role in the Fe(II) oxidation within the mine tailings.Fig. 4Overview of the main known metabolic abilities (carbon fixation, ferrous iron oxidation and sulfur metabolism) of microbial community and environmental adaption in surface-layer mine tailings. This figure was adapted from the previous models \[[@CR26], [@CR40], [@CR52], [@CR61]\]. All possible subsystems are depicted in the quarters of each image. In the CO~2~ fixation, enzymes associated with rTCA cycle are indicated by numbers: 1, malate dehydrogenase; 2, fumarate hydratase; 3, fumarate reductase; 4, succinyl-CoA synthetase; 5, 2-oxoglutarate ferredoxin oxidoreductase; 6, isocitrate dehydrogenase; 7, aconitase hydratase 1; 8, citryl-CoA synthetase; 9, citryl-CoA lyase; 10, pyruvate ferredoxin oxidoreductase. The enzymes related to nitrogen metabolism, ferrous iron oxidation and sulfur metabolism as abbreviated forms are depicted. Abbreviations: R: Rusticyanin; SQR: sulfide quinone reductase; TQO: thiosulfate:quinone oxidoreductase; TetH: tetrathionate hydrolase; SOX: sulfur oxidizing protein; HDR: heterodisulfide reductase; SOR: sulfur oxygenase reductase; TST: thiosulfate sulfurtransferase; SO: sulfite oxidase; APR: adenylylsulfate reductase; SAT: sulfate adenylyltransferase; CysC: adenylylsulfate kinase; CysH: phosphoadenosine phosphosulfate reductase; CysJI: sulfite reductase (NADPH) flavoprotein; SIR: sulfite reductase (ferredoxin); DsrAB: sulfite reductase

Sulfur metabolism {#Sec9}
-----------------

Recently, there are a number of known enzymes that are related to the sulfur metabolism by microoorganisms \[[@CR61]--[@CR63]\]. Undoubtedly, the transformation of elemental sulfur with various oxidation states is more complicated than iron metabolism. In surface-layer of bioleaching heap, the genes encoding sulfur metabolic enzymes have not yet been elaborated. In this study, a total of 2479 CDSs were found to be linked to sulfur metabolism, mapping to 48 diverse genes (Additional file [5](#MOESM5){ref-type="media"}). Sulfur and reduced inorganic sulfur compounds (RISCs) might accumulate in areas where pyrite and other types of sulfide minerals were oxidized by Fe(III) ion \[[@CR64]\]. Thus, the energetically favorable substrates could be utilized by acidophilic sulfur-oxidizing bacteria \[[@CR62], [@CR63]\]. Microbial oxidation of sulfur or sulfur-compounds requires different enzymatic machineries, including sulfide quinone reductase (SQR), thiosulfate:quinone oxidoreductase (TQO) and tetrathionate hydrolase (TetH) (Fig. [4](#Fig4){ref-type="fig"}).

As an intermediate forms during the RISC oxidation, sulfide was oxidized by SQR, the coding genes of which were enriched in the metagenome and were most closely identified as those of *Acidithiobacillus*-like populations, to generate elemental sulfur. In addition, the enriched genes encoding TQO, which catalyzed thiosulfate to produce tetrathionate, were also closely related to *Acidithiobacillus*-like genus. As the substrate of TetH, tetrathionate could be further hydrolyzed to thiosulfate, sulfate and elemental sulfur \[[@CR61]\]. The genes encoding the truncated sulfur oxidation protein (Sox) system (*SoxAX*, *SoxB* and *SoxYZ*) were identified in *Acidithiobacillus*-like and *Thiobacillus*-like microorganisms. Although not enriched, *SoxCD* genes were also detected in the metagenome and identified in *Rhodanobacter*-like and *Thiomonas*-like populations. Sulfur oxygenase reductase (SOR) reported previously in certain bacteria such as *Acidithiobacillus thiooxidans* and *A. caldus* \[[@CR61], [@CR65]\] and thermo-acidophilic archaea such as *Acidianus tengchongensis* and *A. ambivalens* \[[@CR66], [@CR67]\] were found in the metagenome. In addition, the genes encoding heterodisulfide reductase (*hdrABC*) and thiosulfate sulfurtransferase (*tst*), which participated in the catalysis of thiosulfate to sulfite, were abundant in *Acidithiobacillus*-like populations. Sulfite would be oxidized directly by sulfite oxidase to sulfate or be catalyzed by adenylylsulfate (APS) reductase and sulfate adenylyltransferase (SAT) to generate sulfate via the reversed dissimilatory sulfuate reduction. Remarkably, the *aprAB* genes encoding APS reductase were enriched in the metagenome, most of which were assigned to those of *Thiobacillus*-like populations. No such gene, however, was found in *Acidithiobacillus*-like populations \[[@CR61], [@CR65], [@CR68]\]. Indeed, previous reports showed that *Thiobacillus* species were widely found as the dominant member in some mining environments \[[@CR1]\].

Reductive pathways of sulfate, which contained assimilatory sulfate reduction and dissimilatory sulfate reduction, ended with the formation of sulfide, and then entered into the biosynthesis of vital compounds. The coding genes for key enzymes of these processes were most closely related to *Acidithiobacillus*-like and *Thiobacillus*-like populations.

Tolerant mechanisms to the extremely acidic environments {#Sec10}
--------------------------------------------------------

We also focused on the research on extremely acidic environments, mainly because of the particularity of survival conditions that are harmful to most organisms and the adaptability of acidophiles that survive in these environments. Leach solution with chemical components which favor the formation of extremely acidic environments was sprayed onto the tailing dump, thus microbial species in the mine tailings probably possess the environmental adaptive capabilities.

Heavy metal resistance {#Sec11}
----------------------

Functional abundance profile analysis based on COG categories showed that COG categories \[L\] (Replication, recombination and repair; 9.44 %) were overrepresented in the metagenome dataset (Fig. [1](#Fig1){ref-type="fig"}). A reasonable explanation was that the concentration of toxic substance (e.g., heavy metals) in the extremely environment was higher than that of other 'normal' environments (e.g., agricultural soil), resulting in the accelerating rate of DNA injury \[[@CR2], [@CR69]\].

The bioleaching system is rich in high concentration of toxic metal elements such as copper, mercury, zinc, arsenic, cadmium and cobalt \[[@CR33], [@CR37]\]*.* Microbes in this environment might possess certain resistance systems to responses to the heavy concentrations of metal ions. Energy-dependent efflux pumps, to a large extent, play a crucial role in toxic metal ion resistance, including ATPases and other chemiosmotic ion/proton exchangers; on the other hand, fewer mechanisms associated with enzymatic transformation such as oxidation, reduction, methylation and demethylation, which converts metal ions from more toxic to less toxic forms, and metal-binding proteins (e.g., metallothionein, protein chaperone and periplasmic binding protein) are also important for microbes to adapt the environmental conditions \[[@CR70]\]. Researches showed that the microbial community in copper mine tailings harbored a variety of heavy metal resistance systems, such as *ars* operon arsenate resistance/regulation (*arsC*, COG1393; *arsR,* COG0640; *arsB,* COG1055; *arsH*, COG0431), *mer* operon mercuric resistance/regulation (*merR*, COG0789; *merA*, COG1249; *merP*, NOG79562; *merT*, NOG11562; *merC*, NOG56224; *merD*, NOG40540), CzcD-like cobalt-zinc-cadmium efflux (*czcD*, COG1230) and CzcABC cobalt-zinc-cadmium efflux (*czcA*, COG3696; *czcB*, NOG01644; *czcC*, NOG19426) (Additional file [6](#MOESM6){ref-type="media"}). And the majority of sequences associated with heavy metal resistance were assigned to *Acidithiobacillus*-like and *Thiomonas*-like microorganisms. Our results probably supported the viewpoint that microbial community in bioleaching heap adopted aforementioned mechanisms to cope with heavy metal stress.

Low pH adaptation {#Sec12}
-----------------

Given that microorganisms inhabit the acidic environments, the resident microbes may possess several strategies to maintain the circumneutral intracellular pH. In order to acclimatize themselves to the extreme acidic environments, acidophiles share various structural and functional characteristics \[[@CR17]\], mainly including (i) reversed membrane potential (ΔΨ) generated by a Donnan potential that creates a chemiosmotic barrier to inhabit the influx of protons; (ii) highly impermeable membranes that restrict proton influx into the cytoplasm; and (iii) active secondary transporters that drives transport by utilizing the transmembrane electrochemical gradient of protons or sodium ions. Functional abundance profile analysis dependent on COG catalogues indicated that the potassium-efflux system proteins including potassium-transporting ATPase subunit A (KdpA; COG2060), subunit B (KdpB; COG2216) and subunit C (KdpC; COG2156), voltage-gated potassium channels proteins (COG1226 and COG0667) and proton antiporters (CPA) (COG3263/COG0025, COG0475/COG1226 and COG3004) were found in the metagenome. Most microorganisms having those genes shared sequence identity with the *Acidithiobacillus*-related sequences (Additional file [6](#MOESM6){ref-type="media"}). A large amount of associated genes showed that one potential mechanism to generate a reversed ΔΨ was performed by potassium-transporting ATPases \[[@CR17]\]. In addition, several genes encoding plasma-membrane proton-efflux P-type ATPase (COG0474), which were presumed to exclude intracellular redundant protons, were detected in the metagenome.

Organic solvent tolerance {#Sec13}
-------------------------

Organic solvents contain a large number of compounds with different kinds of chemical structures, e.g., benzene rings as well as aliphatic alcohols. Many of these compounds are greatly harmful to all life forms including humans, animals, plants and microorganisms \[[@CR71]\]. They accumulate in cell membranes and undermine membrane integrity, resulting in the functional loss of membrane as the permeability barrier and energy transducer, and further leading to the alteration of intracellular pH and membrane electrical potential, cellar metabolism disorder, growth inhibition and even, eventually cell death \[[@CR72]--[@CR74]\]. Both in Gram-negative and Gram-positive microorganisms, there are common resistant mechanisms including energy-dependent active efflux pumps, *cis*-to-*trans* isomerization of unsaturated fatty acids mediated by *cis*--*trans* isomerase and changes in phospholipid head groups, generation of membrane vesicles transferring toxic compounds, and the change rate of phospholipid biosynthesis to expedite modify process \[[@CR75]\].

Given that extractant was used in metal extraction industry \[[@CR76]\], microorganisms exposed to Lix984n (an organic extractant), which was a potential substrate for RND efflux pumps \[[@CR77]\], might harbor the stress-response strategies to cope with organic solvents in the bioleaching system. As a member of RND family proteins, the organic solvent efflux pump composed of AcrB (transporter AcrB/AcrD/AcrF family protein; COG0841), AcrA (RND family efflux transporter MFP subunit; COG0845), and TolC (outer membrane efflux protein; COG1538) was presumed to transfer Lix984n as a potential substrate. Most of those CDSs were identified as *Acidithiobacillus*-like and *Thiomonas*-like sequences. Furthermore, a variety of COGs associated with toluene resistance, i.e., ABC transport system, including toluene tolerance protein (COG2854), Mce-related protein (substrate-binding protein) (NOG02063), toluene tolerance protein Ttg2B (permease protein) (COG0767) and toluene tolerance protein Ttg2A (ATP-binding protein) (COG1127), were identified in the metagenome. Moreover, functional abundance profile analysis based on COGs revealed that COG2067 (aromatic hydrocarbon degradation membrane protein) and COG1452 (organic solvent tolerance protein) were identified.

Detoxification of hydroxyl radicals {#Sec14}
-----------------------------------

The reaction of ferrous iron (Fe(II)) with oxygen (Fenton reaction) could lead to the generation of hydroxyl radicals, which might cause the damage of biological macromolecules \[[@CR11], [@CR12]\]. One strategy of avoiding the production of damaging free radicals is that electrons from Fe(II) substrates could be removed primarily using an outer membrane cytochrome *c* \[[@CR11]\]*.* In addition, evidence showed that the enzymatic detoxification of hydroxyl radicals was identified in *Leishmania chagasi* and *L. donovani* \[[@CR78]\]. Based on sequence identities (30 % identity cut-off; E-value ≤1e^−5^), sequence homologs for those peroxiredoxin coding genes (*LcPxn1*, *LcPxn3* and *LdPxn1*) were mostly assigned to a *Leptospirillum*-like populations, indicating its key role in the detoxification of hydroxyl radicals. Moreover, other genes encoding antioxidant proteins such as peroxidase/catalase (COG0376) were also identified in the metagenome. Herein, the majority of sequences were assigned to the *Euryarchaeota order Thermoplasmatales*-like populations*,* especially *Thermoplasmatales archaeon* I-plasma-like and *Thermoplasmatales archaeon* Gpl-like groups, supporting the previous results that some extremely acidophilic genera belonging to order *Thermoplasmatales* were regularly found in bioleaching environments \[[@CR79], [@CR80]\].

Conclusions {#Sec15}
===========

The properties of environments, especially extremely acidic, oligotrophic and heavy metals containing bioleaching heap discussed in this study, shape the microbial community composition and function. Metabolic activities occur in the microbial community, conferring the role as a recycler of substance circulation in the bioleaching system and even in nature. Besides, whether environmental microorganisms harbor a suit of genes involving the response mechanisms is probably as a determinant factor to adapt the particular environmental conditions. Microorganisms in the extremely acidic environments have to cope with environmental stresses to survive and proliferate, before they can perform their functions in the bioleaching system.

Methods {#Sec16}
=======

Sampling, DNA extraction and metagenome sequencing {#Sec17}
--------------------------------------------------

The sampling site is located in Dexing Copper Mine, China. We obtained the permission from Jiangxi Copper Company Limited to access the site and to sample there. Metal recovery from low-grade copper tailings is performed via spraying the bioleaching solution onto the tailings dump. A detailed description of the sampling site and tailings, including pH, redox potential, sulfur compounds, ferrous iron, and metal ions, as well as a preliminary study of the microbial community diversity of the site have been reported \[[@CR37]\].

In order to further explore the microbial community composition and function of mine tailings during the bioleaching process, samples were collected from surface-layer (approximately 20 cm depth) of bioleaching heap. Before DNA extraction, samples were washed with distilled water (pH2.0; 3-4 times), and then filtered through a 0.22-μm pore-size filter membrane using the vacuum filtration device. Subsequently, the metagenomic DNA was extracted according to the previous method \[[@CR81], [@CR82]\]. The purified DNA sample was then used to construct the shotgun library (\~300 bp average insert size), which was sequenced (250 bp paired-end reads) using an Illumina MiSeq sequencer located at our own laboratory \[[@CR83]\].

Bioinformatics analysis for metagenome data {#Sec18}
-------------------------------------------

In order to filter the data for high-quality (HQ), the quality control (QC) of sequencing reads was performed using NGS QC Toolkit v2.3.1 (cutoff read length for HQ, 70 %; cutoff quality score, 20) \[[@CR84]\].

For contig level analysis, the HQ sequencing data were assembled using MetaVelvet 1.2.02 and SOAPdenovo with various k-mer (ranging from 31 to 121; the step-size is 10). Subsequently, diverse contig sequences were then clustered using the program CD-HIT-EST with a sequence identity threshold of 97 % \[[@CR85]\], and assemblies (≥300 bp) were retained for further analyses. Considering the fact that bacteria were predominant in this environment, gene prediction was performed using MetaGeneAnnotator, which is a gene-finding program for prokaryote and phage \[[@CR86], [@CR87]\]. To acquire the taxonomic classification of the protein coding gene sequences \[[@CR2], [@CR49], [@CR88]\], the NCBI non-redundant (nr) comparison results were parsed using MEGAN with the lowest ancestor algorithm \[[@CR89], [@CR90]\]. Besides, the putative protein-coding sequences were compared (*e*-value threshold, 10^−5^) against the databases including NCBI-nr, the extended COG (Clusters of Orthologous Groups) \[[@CR28]\] and KEGG (Kyoto Encyclopedia of Genes and Genomes) to obtain their functional annotation. The relative abundance of a given taxon, as well as gene sequence against the particular databases (i.e., NR, COG and KEGG) was calculated according to the previous analytical method in other metagenomic studies \[[@CR49]\].

Availability of supporting data {#Sec19}
===============================

The datasets supporting the results of this article are available in the MG-RAST (the Metagenomics RAST) repository. The assembled metagenome dataset from an Illumina MiSeq was deposited at MG-RAST under the accession number of 4664533.3 (<http://metagenomics.anl.gov/linkin.cgi?metagenome=4664533.3>). Additionally, other supporting datasets are available within the additional files of this article.

Additional files {#Sec20}
================

Additional file 1:**Summary of metagenome dataset of samples from the surface-layer mine tailings.** (DOC 40 kb)Additional file 2:**Summary of major phylotypes of microorganism communities in copper mine tailings using the program MEGAN.** (XLSX 13 kb)Additional file 3:**The viral composition in the metagenome collected from bioleaching heap.** (TIF 423 kb)Additional file 4:**Phylogenetic tree at the phylum level on the basis of metagenome dataset. The data was compared to M5NR using a maximum e-value of 1e** ^**−5**^, **a minimum identity of 60 %, and a minimum alignment length of 15 measured in aa for protein and bp for RNA databases.** In addition, display leaf weights as stacked bar, maximum level is class, color by phylum. (TIF 3380 kb)Additional file 5:**Detailed information of CDSs associated with microbial carbon fixation, nitrogen metabolism, sulfur metabolism and ferrous iron oxidation in metagenome dataset.** (XLSX 26 kb)Additional file 6:**Key genes encoding enzymes related to heavy metal resistance and low pH tolerance.** (DOCX 31 kb)
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